Apigenin, a plant flavone, potentially activates wild-type p53 and induces apoptosis in cancer cells. We conducted detailed studies to understand its mechanism of action. Exposure of human prostate cancer 22Rv1 cells, harboring wild-type p53, to growth-suppressive concentrations (10-80 μM) of apigenin resulted in the stabilization of p53 by phosphorylation on critical serine sites, p14 ARFmediated downregulation of MDM2 protein, inhibition of NF-κB/p65 transcriptional activity, and induction of p21/WAF-1 in a dose-and time-dependent manner. Apigenin at these doses resulted in ROS generation, which was accompanied by rapid glutathione depletion, disruption of mitochondrial membrane potential, cytosolic release of cytochrome c, and apoptosis. Interestingly, we observed accumulation of a p53 fraction to the mitochondria, which was rapid and occurred between 1 and 3 h after apigenin treatment. All these effects were significantly blocked by pretreatment of cells with the antioxidant N-acetylcysteine, p53 inhibitor pifithrin-α, and enzyme catalase. Apigenin-mediated p53 activation and apoptosis were further attenuated by p53 antisense oligonucleotide treatment. Exposure of cells to apigenin led to a decrease in the levels of Bcl-XL and Bcl-2 and increase in Bax, triggering caspase activation. Treatment with the caspase inhibitors Z-VAD-FMK and DEVD-CHO partially rescued these cells from apigenin-induced apoptosis. In vivo, apigenin administration demonstrated p53-mediated induction of apoptosis in 22Rv1 tumors. These results indicate that apigenin-induced apoptosis in 22Rv1 cells is initiated by a ROS-dependent disruption of the mitochondrial membrane potential through transcriptional-dependent and -independent p53 pathways.
frequently altered protein in human cancers [2, 3] . Approximately 50% of all human malignancies harbor mutations or deletions in the TP53 gene that disable the tumor suppressor function of the encoded protein [4, 5] . Most other human cancers express wild-type p53 protein but encode alternate defects in the p53 signaling pathway that play critical roles in tumorigenesis [4] [5] [6] . The role that the p53 gene plays in preventing the onset of cancer involves the elimination of damaged or infected cells by causing cell cycle arrest and/or apoptosis. The suppression of cellular proliferation by p53 occurs through two different mechanisms: apoptosis and cell cycle arrest. In abnormally proliferating cells, induction of p53 leads to programmed cell death or apoptosis, whereas in normal fibroblasts p53 induces G1 arrest in response to genotoxic agents, presumably to allow the cells to perform critical repair functions before progressing through the cell cycle [7] . Apoptosis mediated by p53 in response to DNA damage is predominantly attributable to the transcriptional activation of genes that regulate the cell cycle and apoptosis, such as the BH3-only proteins Noxa and Puma, p21/WAF-1, MDM2, gadd45, Bax, p53AIP1, and PERP [8] [9] [10] , and is additionally attributable to transcriptional repression, involving inhibition of the expression of a number of genes, including c-fos, DNA polymerase α, microtubule-associated protein A, IGF-IR, NF-κB/p65/RelA, Bcl-2, and survivin [11, 12] . Wild-type p53 protein activity is associated with apoptosis induced by DNAdamaging agents and growth hormone depletion [13] . In addition to its roles in such transcriptional regulation, recent evidence has suggested the existence of a transcriptionindependent pathway of p53-mediated apoptosis [4] . A fraction of the p53 molecules that accumulate in damaged cells translocate to mitochondria, and this translocation is sufficient for p53 to induce permeabilization of the outer mitochondrial membrane through formation of complexes with the protective proteins Bcl-XL and Bcl-2, resulting in the release of cytochrome c into the cytosol [15, 16] . Cytochrome c then binds to apoptosis protease-activating factor-1 (Apaf-1) and activates caspase-3 through caspase-9, resulting in execution of apoptosis [17] . Consequently, regulation of the expression of the p53 gene may be of critical importance to the induction of apoptosis in premalignant and malignant cells, and agents that can influence this process may prove to be valuable in the prevention and/or therapeutic management of cancer.
In recent years plant flavonoids have gained considerable attention as anticancer agents, particularly apigenin (4′,5,7-trihydroxyflavone), which is abundantly present in common fruits and vegetables and which has shown considerable promise for development as a chemopreventive agent [18, 19] . Recent studies from our group have shown that apigenin is capable of selectively inhibiting cell growth and inducing apoptosis in cancer cells without affecting normal cells [20] . In addition, the anticancer properties of apigenin in animals have been demonstrated by inhibition of tumor initiation induced by various carcinogens [21, 22] . Apigenin has been shown to suppress angiogenesis in melanoma and carcinoma of the breast, skin, and colon [23] [24] [25] [26] . Apigenin is a potent inhibitor of several protein tyrosine kinases, including epidermal growth factor receptor and Src tyrosine kinase [27, 28] . Apigenin has also been shown to modulate the expression of phosphatidylinositol 3-kinase, protein kinase B/Akt, mitogen-activated protein kinase, ERK1/2, casein kinase-2, and other upstream kinases involved in the development and progression of cancer [29] [30] [31] . Recently, our laboratory has demonstrated that apigenin sensitizes tumor cells to TNF-α-induced apoptosis through inhibition of NF-κB [32] . We also observed that apigenin induces apoptosis in solid tumors through upregulation of IGFBP-3 [33] . More recently, we have demonstrated that apigenininduced suppression of tumor proliferation correlates with downregulation of cyclin D1 expression and cdk4-mediated Rb phosphorylation, induction of p21/WAF-1, and p53 stabilization [34] . However, the mechanisms by which apigenin influences p53-mediated apoptosis are not clearly understood. We undertook studies of human prostate cancer cell lines as well as studies of prostate cancer xenografts in athymic nude mice to investigate the role of apigenin in p53-mediated apoptosis, examining its influence in both p53-dependent and p53-independent activation of apoptotic mechanisms that culminate in cell death.
Materials and methods

Reagents and antibodies
Apigenin (>95% purity) was obtained from A.G. Scientific (San Diego, CA, USA), N-acetyl-L-cysteine (NAC) was from Sigma-Aldrich (St. Louis, MO, USA), and pifithrin-α, Z-VAD-FMK, and DEVD-CHO were from Alexis (San Diego, CA, USA 
Cell culture and treatment
Human prostate cancer 22Rv1 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Additionally, we used other cell lines which were isogenic prostate cells PC-3 (p53 −/− ) and PC-3 (p53 +/+ ); the only difference was in their p53 status. Cells were cultured in RPMI 1640 medium with 10% heat-inactivated fetal bovine serum (FBS),100 μg/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA), and maintained in an incubator with a humidified atmosphere of 95% air and 5% CO 2 at 37°C. The cells were treated with varying concentrations of apigenin dissolved in DMSO, which was provided to the control group within permissible concentrations.
Cell growth inhibition by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
The effects of apigenin on cell viability/proliferation were determined using the MTT assay, as described previously [31] . Briefly,1 × 10 4 cells/well were plated in 96-well culture plates. After overnight incubation, the cells were treated with varying concentrations of apigenin (0, 10, 20, 40, or 80 μM) for 12, 24, and 48 h. The cells were treated with 50 μl of 5 mg/ml MTT and the resulting formazan crystals were dissolved in dimethyl sulfoxide (200 μl). Absorbance was recorded at 540 nm with a reference at 650 nm serving as the blank. The effect of apigenin on cell viability was assessed as percentage cell viability compared to vehicle-treated control cells, which were arbitrarily assigned 100% viability.
Preparation of total cell lysates and mitochondrial lysates
After treatment of the cells, the medium was aspirated and the cells were washed twice with cold phosphate-buffered saline (PBS; 10 mM, pH 7.4). Ice-cold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 mM Na 3 VO 4 , 0.5% NP-40, 1% Triton X-100, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, pH 7.4) was added to the plates, which were then placed over ice for 30 min. The cells were scraped, and the lysate was collected in a microfuge tube and passed through a 21-gauge needle to break up the cell aggregates. The lysate was cleared by centrifugation at 14,000 g for 15 min at 4°C and the supernatant (total cell lysate) was either used immediately or stored at −80°C. Mitochondria were isolated using an ApoAlert cell fractionation kit following the manufacturer's protocol (BD Clontech, USA). Cells were trypsinized, collected, and centrifuged at 600 g for 5 min at 4 °C. After being washed, the cell pellet was resuspended in 0.8 ml ice-cold fractionation buffer mix and incubated on ice for 10 min followed by homogenization in an ice-cold Dounce homogenizer. The homogenate was centrifuged at 700 g for 10 min. The supernatant was again centrifuged at 10,000 g for 25 min at 4°C. Supernatant (cytosol) was collected and the pellet (mitochondria) was resuspended in 50 μl of cell fractionation buffer. Purity was checked by COX-IV immunoblotting. The protein concentration was determined by the DC Bio-Rad assay using the manufacturer's protocol (Bio-Rad Laboratories).
Catalase treatment
22Rv1 cells were pretreated with 400 units/ml concentration of catalase, which was followed by the addition of 1 mM H 2 O 2 or 40 μM apigenin for 3 h. The cells were washed with PBS and then total cell lysate and cytosolic and mitochondrial fractions were prepared according to previously described methods.
Enzyme-linked immunoabsorbent assay (ELISA) for detection of apoptosis 22Rv1 cells were treated with varying concentrations of apigenin for 12, 24, and 48 h, then apoptotic cells were evaluated by using the Cell Death Detection ELISA plus kit (Roche Molecular Biochemicals, Indianapolis, IN, USA). The assay is based on the enrichment of mono-and oligonucleosomes in the cytoplasm of the apoptotic cells due to degradation of DNA by endogenous endonuclease (that cleaves double-stranded DNA at the internucleosomal linker regions). Cell lysates and the assay procedures were performed according to the manufacturer's protocol. Absorbance at 405 nm was measured as the indicator of apoptotic cells. The reference wavelength was 490 nm. The enrichment factor (total amount of apoptosis) was calculated by dividing the absorbance of the sample (A 405 nm ) by the absorbance of the controls without treatment (A 490 nm ).
Immunoblot analysis 22Rv1 cells were cultured on 100-mm dishes and grown to approximately 60% confluence. The cells were then treated with apigenin and other agents and harvested at various time intervals. Tumor lysates were prepared and subjected to immunoblot analysis. Fifty micrograms of protein from total cell lysates or tumor lysates was resolved by 10% SDS-PAGE and transferred to nitrocellulose membrane. After being blocked with blocking buffer (PBS containing 0.1% Tween 20 and 10% FBS) for 2 h, the membrane was incubated with primary antibody for 2 h at room temperature. The membrane was then incubated with HRP-conjugated secondary antibodies for another 2 h at room temperature. The protein was detected by ECL substrate reagents (Amersham Biosciences, Arlington Heights, IL, USA).
Assay for mitochondrial membrane potential
Mitochondrial membrane potential was quantitatively determined by flow cytometry using the lipophilic cationic probe JC-1 dye (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide) detection kit, following the manufacturer's instructions. In brief, 60% confluent 22Rv1 cells were treated with apigenin (0, 20, and 40 μM) for 12 h, harvested, and washed with PBS buffer and 1 × 10 6 cells were incubated in 1 ml PBS containing 10 mg JC-1 dye for 15 min at 37°C in the dark. Stained cells were washed, resuspended in 500 ml PBS, and used for immediate FACS analysis.
Measurement of reactive oxygen species (ROS)
22Rv1 cells were maintained 75-80% in RPMI 1640 medium with 10% FBS and were treated or not with NAC for 3 h. The treatment medium was removed and the monolayer was exposed to PBS containing 10 μM 2′7′-dichlorofluorescein diacetate (DCF; Molecular Probes, Eugene, OR, USA), a dye that fluoresces when ROS are generated. The cells were incubated with the dye for 20 min, after which fluorescence intensity was determined with an adherent cell laser cytometer using 488 nm for excitation and 560 nm for detection of fluorescence emission. The values, expressed in percentage arbitrary fluorescence units, were compared across treatment groups.
Transfections and p53 luciferase reporter assay 22Rv1 cells (2 × 10 5 per well) were plated in 35-mm dishes and cotransfected the next day using Lipofectamine transfection reagent (Invitrogen) according to the protocol of the manufacturer done with luciferase p53-responsive reporter plasmid. Twenty-four hours later, cells were treated with various concentrations of apigenin. The preparation of cell lysates and luciferase activity measurements were made with the Luciferase Assay Kit (Promega, Madison, WI, USA) according to the instructions of the manufacturer. The luciferase activities were normalized to β-galactosidase activity (Promega). Data shown are from one of at least two independent experiments with similar results.
Analysis of DNA fragmentation by agarose gel electrophoresis
The 22Rv1 cells were grown to about 70% confluence and treated with apigenin (1, 10, 20, 40 , and 80 μM concentration) for 48 h. After these treatments, the cells were washed twice with phosphate-buffered saline (10 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , and 0.5% Triton X-100), left on ice for 15 min, and pelleted by centrifugation (14,000 g) at 4°C. The pellet was incubated with DNA lysis buffer (10 mM Tris, pH 7.5, 400 mM NaCl, 1 mM EDTA, and1% Triton X-100) for 30 min on ice and then centrifuged at 14,000 g in 4°C. The supernatant obtained was incubated overnight with RNase (0.2 mg/ml) at room temperature and then with proteinase K (0.1 mg/ml) for 2 h at 37°C. DNA was extracted with phenol: chloroform (1:1) and precipitated with 95% ethanol for 2 h at 80°C. The DNA precipitate was centrifuged at 14,000 g at 4°C for 15 min and the pellet was air dried and dissolved in 20 μl of Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). The total amount of DNA was resolved over 1.5% agarose gel, containing 0.3 μg/ml ethidium bromide in TBE buffer (pH 8.3, 89 mM Tris, 89 mM boric acid, and 2 mM EDTA) (Bio Whittaker, Walkersville, MD, USA). The bands were visualized under UV trans-illuminator (Model TM-36; UVP, San Gabriel, CA, USA) followed by Polaroid photography (MP-4 Photographic System, Fotodyne, Hartland, WI, USA).
ELISA for NF-κB/p65/RelA activity ELISA was performed for NF-κB/p65/RelA activity. The commercially available Trans-AM NF-κB assay kit was obtained from Active Motif North America (Carlsbad, CA, USA) for assay of NF-κB/p65 activity according to the vendor's protocol. Briefly, the assay uses an oligonucleotide containing the NF-κB consensus site (5′-GGGACTTTCC-3′) that binds to the cell extract and can detect NF-κB, which can recognize an epitope on p65 activated and bound to its target DNA. This assay is specific for NF-κB activation and is highly sensitive.
Estimation of cellular glutathione (GSH)
Cellular GSH was estimated according to the vendor's protocol. Cell extracts were prepared by sonication and deproteination. Total GSH was detected by measuring the product of glutathionylated 5,5′-dithio-bis(2-nitrobenzoic acid) by UV spectrophotometer at 405 nm. The cellular GSH contents were calculated using the standard curve generated in parallel experiments.
Experimental design for tumor xenograft studies
22Rv1 tumors were grown subcutaneously in athymic nude mice. Approximately 1 million 22Rv1 cells suspended in 0.05 ml of medium and mixed with 0.05 ml of Matrigel were subcutaneously injected into the left and right flank of each mouse to initiate tumor growth.
The first group received only 0.2 ml of vehicle material by gavage daily and served as a control group. The second and third groups of animals received 20 and 50 μg/mouse/day doses of apigenin in vehicle, respectively, for 10 weeks. These doses are comparable to the daily consumption of flavonoid in humans as reported in previously published studies [33, 34] . Apigenin feeding was started 2 weeks before cell inoculation and was continued for 10 weeks. Animals were monitored daily, and their body weights were recorded weekly throughout the studies. Once the tumors started growing, their sizes were measured twice weekly in two dimensions with calipers. At the termination of the experiment, tumors were excised and weighed to record wet tumor weight. A portion of the tumors from control and treated animals was used for preparation of tumor lysate used in further experiments.
Statistical analysis
Changes in tumor volume and body weight during the course of the experiments were visualized by scatter plot. Differences in tumor volume (mm 3 ) and body weight at the termination of the experiment among three treatment groups were examined using analysis of variance (ANOVA) followed by Tukey's multiple comparison procedure. The statistical significance of differences between control and treatment groups was determined by simple ANOVA followed by multiple comparison tests. All tests were two-tailed and p values less than 0.05 were considered to be statistically significant.
Results
Apigenin induces inhibition of cell growth, decrease in NF-κB/p65 activity, and apoptosis in 22Rv1 cells
To study the effect of apigenin on prostate cancer, human prostate cancer 22Rv1 cells were exposed to 10-80 μM concentration of apigenin for 12, 24, and 48 h and their viability was determined posttreatment by MTT assay. We observed that doses higher than 10 μM apigenin were effective in inhibiting cell growth in that 30% inhibition was observed at 24 h and 50% at 48 h exposure with 20 μM apigenin (Fig. 1A) . Exposure of 22Rv1 cells to 20 μM apigenin caused a decrease in NF-κB/p65 transcriptional activity by 24% at 12 h, which was further decreased to 41% at 24 h (data not shown). To determine if the loss of cell viability and NF-κB/p65 transcriptional activity induced by apigenin resulted in apoptosis, we measured apoptosis in 22Rv1 cells by ELISA and DNA fragmentation assays. Apigenin-induced apoptosis was observed as early as 12 h posttreatment, which was significant for 40 and 80 μM apigenin. We observed significant apoptosis in 22Rv1 cells after 24 and 48 h of treatment with 20, 40, and 80 μM apigenin (Fig. 1B) . The exposure of 22Rv1 cells for 48 h to apigenin further resulted in DNA laddering in a dose-dependent manner (Fig. 1C) . These results indicate that apigenin inhibits cell growth, which could be a result of decreased NF-κB activity inducing apoptosis in 22Rv1 cells as a function of dose and time.
Apigenin increases the expression and transcriptional activation of p53 in 22Rv1 cells
To investigate whether apigenin has an effect on p53 protein expression, we determined the p53 levels in 22Rv1 cells treated with 10-80 μM doses of apigenin for 12, 24, and 48 h. Immunoblot analysis showed that apigenin exposure increased the protein expression of p53. The increased p53 protein expression correlated with an increase in the levels of its transcriptional target p21/WAF-1 ( Fig. 2A) . The relative densities of these proteins exhibit an increase in the levels of p53 and p21/WAF-1 with 24 h of exposure to 20 μM apigenin (Fig.  2B ). To examine if increased p53 expression resulted in concurrent upregulation of its transcriptional activity, 22Rv1 cells were transfected with the PG-13 luciferase plasmid, which contains p53 consensus binding sites. For normalizing transfection efficiency, 22Rv1 cells were co-infected with a β-galactosidase plasmid. After 24 h transfection, the cells were treated with 10-80 μM apigenin and luciferase activity was determined 24 h postexposure. We observed a linear increase in the transcriptional activity of p53 as a function of apigenin dose (Fig. 2C) .
Apigenin induces stabilization of p53 in 22Rv1 cells
The stabilization and activation of the p53 protein as a transcriptional activator occur through a series of phosphorylation and acetylation events at critical serine residues [15] [16] [17] . To determine the mechanism by which apigenin increases the p53 levels, we examined the phosphorylation status of p53 at various serine residues that have been documented to increase the half-life of this protein. As shown in Fig. 3A, 24 h of apigenin exposure at 20 and 40 μM doses resulted in phosphorylation of p53 at serines 6, 15, 20, 37, and 392, whereas no changes were observed in serines 9 and 46. Adriamycin, which induces p53 and phosphorylates it at various serine residues, was used as a positive control. We further analyzed the protein levels of MDM2-p14 ARF , because stabilization of p53 can occur via this pathway. MDM2 is a ubiquitin ligase that binds and targets p53 to ubiquitin-dependent proteolysis. The interaction of MDM2 with p53 is antagonized by the tumor suppressor p14 ARF , which averts the MDM2-mediated ubiquitination and degradation of p53. To determine the role of MDM2-p14 ARF in apigenin-induced p53 stabilization, we measured the levels of these proteins after apigenin exposure. As shown in Fig. 3B , apigenin exposure resulted in an increase in p14 ARF and a concomitant decrease in MDM2 levels as a function of dose and time. These results suggest that the apigenin-induced p53 stabilization through serine phosphorylation is via p14 ARFmediated down-regulation of MDM2 protein.
p53 is a potential target for apigenin action in 22Rv1 cells
To determine if p53 protein is specifically involved in apigenin-induced apoptosis, 22Rv1 cells were treated with 20 μM p53-specific antisense oligonucleotide for 8 h before the addition of 20 μM apigenin for 16 h. As expected, treatment of 22Rv1 cells with p53-specific antisense oligonucleotide resulted in a decrease in the protein levels of p53 as well as its transcriptional regulator p21/WAF-1. In contrast, treatment of 22Rv1 cells with 20 μM apigenin for 16 h markedly increased the levels of these proteins. Further, treatment of cells with a combination of p53-specific antisense oligonucleotide and apigenin for 16 h attenuated the effects of apigenin-induced p53 and p21/WAF-1 (Fig. 4A) . Under this condition apigenin-induced apoptosis was attenuated by the p53-specific antisense oligonucleotide and significantly decreased apoptosis in these cells (Fig. 4C ).
To further evaluate the requirement for p53 in apigenin-mediated apoptosis, we used isogenic prostate cancer PC-3 cells. PC-3 (p53 −/− ) and PC-3 (p53 +/+ ) differ only in their p53 status. Introduction of wild-type p53 into PC-3 cells renders these cells more susceptible to apigenin exposure and causes a significant increase in apoptosis compared to the parental cells (Fig.  4C) . Indeed, apigenin-induced increase in p53 protein was effectively inhibited by treatment with p53-specific antisense oligonucleotide, which was attenuated by addition of 20 μM apigenin (Fig. 4B) . These results indicate that p53 protein plays a critical role in apigenininduced apoptotic cell death.
Apigenin treatment induces reactive oxygen species generation in 22Rv1 cells
Next we evaluated the hypothesis that apigenin-induced apoptosis is initiated by ROS, which have been implicated in apoptosis induction by various stimuli, including ionizing radiation, hyperoxia, and therapeutic/chemopreventive agents [13] [14] [15] [16] . Intracellular ROS levels in 22Rv1 cells after apigenin exposure was assessed using fluorometric analysis. We used the fluorescence probe 2′,7′-chlorofluorescein diacetate, which converts to highly fluorescent DCF in the presence of intracellular ROS. A time-course study using 40 μM apigenin showed an increase in ROS generation as early as 1 h after apigenin treatment, which peaked at approximately 3-4 h, followed by a decreasing trend (data not shown). Therefore, we next assessed the levels of ROS after 3 h of apigenin treatment. As shown in Fig. 5A , exposure of 22Rv1 cells to 10-80 μM apigenin for 3 h resulted in a significant increase in ROS generation. Apigenin-treated 22Rv1 cells exhibited a dose-dependent increase in DCF fluorescence compared to vehicle-treated control. This increase in intracellular ROS by apigenin positively correlated with apoptosis (Fig. 5B) .
Apigenin treatment causes mitochondrial membrane depolarization in 22Rv1 cells
As apigenin exposure to 22Rv1 cells resulted in increased intracellular ROS generation, we sought to determine whether apigenin-induced apoptosis was associated with a disruption of the mitochondrial membrane potential. The effect of apigenin exposure on mitochondrial membrane depolarization was determined by flow cytometry after staining with the mitochondrial potential-sensitive dye JC-1. As shown in Fig. 5C , treatment of 22Rv1 cells with apigenin for 8 h resulted in a significant increase in the number of green fluorescence-positive cells. For instance, green fluorescence-positive cells treated with 20 and 40 μM apigenin increased to 29.6 and 36.5%, compared to 5.2% noted with vehicle-treated control.
Apigenin treatment causes translocation of the p53 fraction to the mitochondria in 22Rv1 cells
Next we investigated the possibility that apigenin-initiated apoptosis may utilize p53 translocation to the mitochondria as previously demonstrated during stress-induced p53-dependent apoptosis after DNA or hypoxic damage [15] [16] [17] . As shown in Fig. 5D , exposure of 22Rv1 cells to 40 μM concentration of apigenin resulted in a time-course increase in translocation of the p53 fraction to the mitochondria, with highest accumulation observed 3 h posttreatment. Simultaneously, apigenin-induced release of cytochrome c in the cytosol was observed at 3 h with increasing trend up to 6 h. Dose-dependent studies with 10-40 μM apigenin exposure for 6 h exhibited similar increases in p53 in the mitochondrial fraction along with the release of cytochrome c into the cytosol (Fig. 5D ).
NAC pretreatment protects against apigenin-induced ROS generation and apoptosis in 22Rv1 cells
To test whether augmented ROS levels play a role in mediating the death signal of p53, 22Rv1 cells were pretreated with a well-known antioxidant, NAC, at 5 mM concentration or 25 μM pifithrin-α, a well-known p53 inhibitor, for 3 h. Both NAC and pifithrin-α treatment exhibited protective effects against apigenin-induced and p53-mediated apoptosis as well as attenuating the intracellular ROS generation in 22Rv1 cells, albeit at different levels (Figs. 6A and B) .
To determine the relationship between ROS and the apoptotic cascade of p53 after apigenin exposure, we used NAC and pifithrin-α to further test whether they could influence p53 levels and apoptosis in 22Rv1 cells. As shown in Fig. 6C , treatment of cells with apigenin before NAC exposure caused an increase in p53-Ser15 phosphorylation and induction of p21/WAF-1, suggesting that ROS and p53 regulate the apoptotic process of 22Rv1 cells after apigenin treatment. Further, NAC pretreatment inhibited the translocation of p53 to the mitochondria and the release of cytochrome c into the cytosol of 22Rv1 cells after exposure to apigenin (Fig.  6D) .
Apigenin treatment causes glutathione depletion in 22Rv1 cells
Because apigenin induced cytotoxicity by causing excessive ROS accumulation, we next investigated the mechanisms by which apigenin caused an increase in ROS generation. Based on the important role of GSH as a major cellular antioxidant, we postulated that the active ROS generation in 22Rv1 cells would render them highly dependent on GSH to maintain redox balance and that a depletion of GSH by apigenin would result in excessive ROS generation, triggering p53 stabilization, which may drive the damaged cells to apoptosis [35] . To test this possibility we first examined the effects of apigenin on GSH content. Exposure of 22Rv1 cells to 40 μM apigenin led to a depletion of cellular GSH by 67% in 1 h, which was further increased to 81% in 3 h (data not shown).
Catalase causes attenuated ROS generation and apoptosis induction by apigenin in 22Rv1 cells
Next we treated 22Rv1 cells with 1 mM concentration of hydrogen peroxide (H 2 O 2 ), which is considered the most stable ROS and an important mediator of apoptosis. As expected, exposure of 22Rv1 cells to H 2 O 2 up to 3 h caused a significant increase in ROS generation and triggered apoptosis (Fig. 7A) . Furthermore it was observed that H 2 O 2 caused a transient rise in p53 protein expression as well as sustained elevation of p21/WAF-1 in 22Rv1 cells. Interestingly, exogenous addition of catalase effectively abolished H 2 O 2 -induced ROS increase and cell death, which correlated with the reductions in the protein levels of p53 and p21/WAF-1 (Fig.  7B) . To further affirm the role of apigenin and its comparison with H 2 O 2 -mediated ROS generation and cell death, 22Rv1 cells were treated with 1 mM concentration of H 2 O 2 and 40 μM apigenin. Responses similar to those to H 2 O 2 were observed with apigenin treatment. In addition, enzyme catalase, when added to apigenin-treated cells, caused a significant decrease in ROS induction and apoptosis along with a decrease in the protein expression of p53 and p21/WAF-1, similar to that previously observed with pretreatment of cells with NAC before apigenin exposure (Fig. 7C) . Additionally, catalase treatment inhibited the translocation of p53 to the mitochondria and the release of cytochrome c into the cytosol of 22Rv1 cells after exposure to apigenin (Fig. 7D) .
Apigenin increases the ratio of Bax/Bcl-2 and cytochrome c release in 22Rv1 cells
The ratio of proapoptotic Bax to antiapoptotic Bcl-2 is critical for apoptosis; therefore we next measured the levels of these proteins after apigenin treatment. As shown in Fig. 8A , exposure of 22Rv1 cells to apigenin resulted in a marked increase in Bax protein along with a simultaneous decrease in Bcl-2 levels. Densitometric analysis indicated that the shift in Bax/ Bcl-2 ratio in favor of apoptosis was a function of dose and time (Fig. 8B) . Apigenin treatment also resulted in a decrease in Bcl-XL protein and an increase in cytochrome c and Apaf-1 levels in the cytosol (Figs. 8A and B) .
Apigenin induces caspase activation and PARP cleavage in 22Rv1 cells
We demonstrated earlier that apigenin-induced apoptosis in 22Rv1 cells is associated with a shift in the Bax/Bcl-2 ratio and disruption of the mitochondrial membrane potential, leading to the release of cytochrome c and other apoptogenic molecules from the mitochondria to the cytosol (Figs. 8A and B) . Once in the cytosol, cytochrome c binds to Apaf-1 and recruits and activates caspase-9 in the apoptosome. Active caspase-9 cleaves and activates executioner caspases, including caspase-3. We therefore determined caspase activation after apigenin treatment. Exposure of 22Rv1 cells for 24 h to apigenin led to increased levels of active caspase-9 and -3 and caused cleavage of PARP as a function of dose and time. In addition, apigenin exposure also increased the levels of active caspase-8 in 22Rv1 cells, suggesting the involvement of both extrinsic and intrinsic pathways of apoptosis (Figs. 9A and B) .
Next we evaluated whether blocking caspases could inhibit apigenin-mediated p53-dependent apoptosis in these cells. Exposure of cells to the general caspase inhibitor Z-VAD-FMK before apigenin treatment partially blocked apoptosis. Further, use of the caspase-3 inhibitor DEVD-CHO partially rescued the cells from apigenin-induced apoptosis, at higher levels than Z-VAD-FMK (Fig. 9C) . None of these inhibitors, however, affected the p53 serine phosphorylation in 22Rv1 cells (data not shown).
Apigenin intake inhibits growth of 22Rv1 xenografts in athymic nude mice
Apigenin has been shown to be effective in cell culture and to cause p53-dependent apoptosis in 22Rv1 cells; therefore we further extended our study to determine whether these events occur in vivo using a xenograft mouse model. We designed a protocol that simulates a prevention regimen, wherein apigenin was administered at 20 and 50 μg/mouse/day 2 weeks before cell inoculation and was continued for 8 weeks. In this experimental protocol, prior intake of apigenin delayed the establishment of tumor xenograft at both doses of apigenin. As shown in Figs. 10A and B, tumor volume was inhibited by 44 and 59% (p<0.002 and 0.0001) and the wet weight of tumor was decreased by 41 and 53% (p<0.05), respectively, at the termination of the experiment. Further, apigenin administration to these mice did not seem to induce any adverse effects as judged by monitoring body weight gain, dietary intake, and prostate weight (data not shown).
Apigenin intake causes apoptosis in 22Rv1 tumors through a p53-dependent pathway
Earlier results in cell culture demonstrated that apigenin induces apoptosis in 22Rv1 cells; therefore we evaluated the effects of apigenin intake on the induction of apoptosis in tumor xenografts. As shown in Fig. 10C , peroral administration of apigenin at doses of 20 and 50 μg/mouse/day resulted in a marked induction of apoptosis in 22Rv1 tumor xenografts as shown by ELISA. Compared to vehicle-treated control,1.7-and 2.9-fold increases (p<0.0001) in the induction of apoptosis were observed in 22Rv1 tumors at 20 and 50 μg/day apigenin treatment. Further, consistent with the findings in cell culture, apigenin administration to nude mice resulted in a dose-dependent increase in the expression of wild-type p53 protein, p53-Ser15 phosphorylation, cytochrome c, and cleaved caspase 3, compared to mice receiving vehicle treatment. An increase in the protein levels of Bax and a simultaneous decrease in Bcl-2 levels were observed after apigenin administration, indicating that inhibition of growth of 22Rv1 tumor xenografts is due to induction of apoptosis, which is mediated via p53 pathways (Fig.  10D ).
Discussion
In this study, we demonstrated that apigenin is able to induce apoptosis in 22Rv1 cells and in in vivo tumors. This induction of apoptosis is accompanied by increases in ROS production, p53 phosphorylation, and p21/WAF-1 induction; alterations in MDM2/p14 ARF ; a decrease in NF-κB/p65 transcriptional activity leading to loss of mitochondrial membrane potential; and caspase activation. Although our study and prior studies have shown that apigenin-induced p53-dependent apoptosis occurs in prostate cancer and other malignancies, the pathways whereby p53 leads to execution of the apoptosis program are not well characterized.
There is accumulating evidence that apigenin can suppress the growth of malignant prostate cells as well as tumor xenografts in vivo by causing cell cycle arrest and apoptosis [31] [32] [33] [34] 36] . In this study we have demonstrated that the p53-associated pathway is required for apigenin-mediated apoptosis, as evidenced by the p53 antisense oligonucleotide experiment. Apigenin-induced p53 response in prostate cancer cells is primarily achieved through DNA damage via initiation and generation of ROS. We observed that exposure of 22Rv1 cells to growth-suppressive concentrations of apigenin resulted in ROS generation as indicated by an increase in oxidation of DCF. This increase in ROS production leads to activation and increase in the cellular levels of p53. This increase in p53 expression was accompanied by phosphorylation of p53 at serines 6, 15, 20, 37, and 392, but not at serines 9 and 46. Phosphorylation of p53 at serines 15 and 20 has been shown to stimulate p53-dependent transcriptional activation [37] and also results in reduced interaction of p53 with its negative regulator MDM2 both in vivo and in vitro [24, 38] . Apigenin treatment also resulted in increased expression of p14 ARF , a tumor suppressor that negatively regulates MDM2 [39] . Our results indicate that apigenin stabilizes p53 via both phosphorylation of p53 and modulation of the p14 ARF -MDM2 pathway. Interestingly, we observed a decrease in the levels of MDM2 protein in response to apigenin treatment. We speculate that this decrease may be directly mediated by apigenin at the transcriptional level [40] or may be a result of an apigenin-mediated increase in p14 ARF levels [41] .
The importance of p53 in apigenin-mediated apoptosis was further demonstrated by the introduction of wild-type p53 in PC-3 cells, which have a p53-null status. Compared to parental PC-3 cells, the p53-PC-3 cells were more sensitive to apigenin-mediated apoptosis, similar to 22Rv1 cells, which harbor wild-type p53. Additionally, apigenin-induced stabilization of p53 caused an increase in its transcriptional activity, thereby resulting in an upregulation of its downstream target p21/WAF-1. p21/WAF-1 can inhibit cdk's 2, 4, and 6, causing cell cycle arrest [42] . Earlier studies from our laboratory have demonstrated that apigenin-mediated upregulation of p21/WAF-1 is critical in inducing both cell cycle arrest and apoptosis [31, 34] . The mechanisms by which p21 promotes apoptosis are not currently understood, but may be related to its ability to interact with and possibly regulate components of the DNA repair machinery [43] .
Several recent reports suggest a role for ROS in apoptosis induced by drugs, including certain chemopreventive agents, through the engagement of downstream proteins involved in execution of apoptosis [44] [45] [46] . Intracellular generation of H 2 O 2 , the most stable ROS, has been considered an important mediator of apoptosis, and even exogenous addition of H 2 O 2 is a potent activator of the apoptotic machinery [47] . In our studies, sublethal concentrations of H 2 O 2 caused an increase in p53 protein expression along with sustained elevation of p21/ WAF-1, which correlated with increased apoptosis observed in these cells. These effects were alleviated by pretreatment of cells with 400 units/ml concentration of catalase. There is evidence that mitochondrial catalase provides protective effects against exogenously added H 2 O 2 , which suggests that some of the added H 2 O 2 diffuses into the mitochondria and perhaps causes damage to the mitochondrial membrane [47, 48] . This suggests that mitochondrially produced H 2 O 2 diffuses into the cytosol where it may exert cytotoxic effects. It seems that catalase produced in any cellular compartment might act as a sink for H 2 O 2 and further addition of catalase may promote H 2 O 2 movement down to its concentration gradient. Further reports suggest that catalase added to the culture medium might protect cells against oxidant-induced injury, whereas this may reflect some uptake of catalase into the cells by endocytosis and/or removal of diffusible H 2 O 2 from the cells [48] . Under physiological conditions, H 2 O 2 may play an important role in signal transduction pathways and activation of p53 [49] . Our studies indicate that intracellular H 2 O 2 generation induced by exogenous H 2 O 2 or apigenin was suppressed by the addition of catalase, which in turn inhibited the release of cytochrome c into the cytosol as well as translocation of p53 to the mitochondria.
It is well established that p53 is a transcriptional regulator and that p53-mediated apoptosis in response to DNA damage is predominantly attributable both to the transcriptional activation of genes that encode apoptotic effectors, such as Bax, and to transcriptional repression of genes for antiapoptotic proteins such as Bcl-2 [8] [9] [10] . In this context, upregulation of Bcl-2 by NF-κB might be critical in compromising the apoptotic abilities of p53. We have shown that apigenin inhibits the transcriptional activity of NF-κB/p65, downregulates the levels of Bcl-2 and Bcl-XL , and concomitantly upregulates the levels of Bax protein, shifting the Bax/Bcl-2 ratio in favor of apoptosis. In addition to such translational regulation, recent findings have demonstrated the existence of a transcription-independent pathway of p53-mediated apoptosis, wherein a fraction of the p53 molecule accumulates in the damaged cells and translocates to mitochondria in quantities sufficient to induce permeabilization of the outer mitochondrial membrane, resulting in the release of cytochrome c [15, 16] . Our studies demonstrate that apigenin causes the translocation of p53 to the mitochondria as early as 1 h, peaking at 3 h post-apigenin treatment. This increased translocation of p53 to the mitochondria leads to cytochrome c release observed as early as 3 h and increasing up to 24 h post-apigenin treatment. Because apigenin-induced p53 activation and translocation are dependent on ROS generation, which was evident as early as 1 h posttreatment, whereas the translocation of p53 and cytochrome c release were not observed until 3-6 h after apigenin exposure, we conclude that ROS act as upstream signaling molecules to initiate p53-mediated cell death responses. This hypothesis is further supported by our findings that pretreatment of 22Rv1 cells with NAC not only prevents ROS generation but also confers almost complete protection against apigenininduced p53-translocation to the mitochondria, cytochrome c release, and cell death. Moreover, inhibition of p53 by the use of pifithrin-α protected tumor cells from apigenin-induced apoptosis, further demonstrating the involvement of p53 in cell death. ROS generation in apoptosis induction by some agents has been shown to occur downstream of cytochrome c release; however, apigenin-induced release of cytochrome c is significantly inhibited by pretreatment with NAC. These results indicate that ROS acts as a trigger for apigenin-induced apoptosis upstream of both p53 and cytochrome c.
Many apoptotic cascades in eukaryotic cells utilize mitochondria as a nodal point at which diverse death stimuli translate from initiation to execution of apoptosis [50, 51] . Mitochondria play an essential role in death signal transduction through the permeability transition pore opening and collapse of the mitochondrial membrane potential, resulting in the rapid release of caspase activators such as cytochrome c into the cytoplasm. Cytochrome c then binds to Apaf-1 and activates caspase-3 through caspase-9, culminating in cell death [50, 51] . We demonstrated that the release of cytochrome c into the cytosol increased within 3 h of apigenin treatment, a time frame parallel to that for initiation of apoptosis. Furthermore, the increase in cytochrome c paralleled Apaf-1 levels observed between 3 and 24 h of apigenin exposure, which led to the activation of caspase-3 and cleavage of poly(ADP)ribose polymerase. In addition, we also observed an increase in caspase-8, albeit at higher doses of apigenin treatment. The general caspase inhibitor, Z-VAD-FMK, led to the protection of 22Rv1 cells against apoptosis, indicating that apigenin-mediated apoptosis is caspase dependent. Our data suggest that the caspase-8 and the caspase-9 activation pathways contributed to the activation of the executioner caspase-3. In our studies, the protective effect of the caspase-3 inhibitor, DEVD-CHO, against apigenin-induced apoptosis was greater than that of Z-VAD-FMK, indicating the involvement of additional caspases in execution of cell death by apigenin. Further work is required to examine the detailed mechanism(s) of apigenin with respect to the death receptor cascades as well as the endoplasmic reticulum-stress activated caspases.
In our cell culture studies, growth inhibition and apoptosis induction by apigenin were observed at 10-40 μM concentrations, which provided mechanistic insights; however, demonstration that these effects are also operative in vivo is required to establish a potential for clinical development. Our in vivo studies using 20 and 50 μg/day apigenin administration to mice with prostate cancer xenografts confirmed that apigenin administration significantly inhibited tumor growth, without any apparent signs of toxicity. Consistent with the findings in cell culture, apigenin intake resulted in p53 activation and its phosphorylation at serine 15, cytochrome c release, increase in the levels of cleaved caspase-3, and altered Bax and Bcl-2 protein levels, favoring apoptosis, compared to vehicle-treated animals. Based on these observations it is apparent that apigenin most likely exerts its cancer preventive/therapeutic effects directly through the p53 signaling pathway, utilizing mitochondria as a universal key effector of cell death. Understanding the modes of action of apigenin should provide useful information for its possible application in cancer prevention and perhaps in therapy for prostate cancer. 
